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Fluctuations in sky maps of the galaxy redshifts, dubbed as angular redshift fluctuations (ARF),
contain precise information about the growth rate of structures and the nature of gravity in the
Universe. Specifically, ARF constrain the combination of cosmological parameters H/H0 fσ8(z),
while being an intrinsically tomographic probe and largely insensitive to many observational sys-
tematic errors, all this without requiring the assumption of a fiducial cosmology. We present the
first cosmological constraints derived from ARF by using BOSS LOWZ+CMASS DR12 galaxy sam-
ples, obtaining 7%-accurate constraints on H/H0fσ8(z) at more than 20 redshifts over the range
z ∈ [0.26, 0.72]. Our best-fitting value is 10% larger, but compatible at the 1.4σ level, than the
ΛCDM expectation set by Planck observations of the Cosmic Microwave Background (CMB) radia-
tion. Our tomographic measurements, combined with these CMB data, provides one of the strongest
constraints on the gravity index γ, γ = 0.44+0.09−0.07, which lies within 2σ from the prediction of General
Relativity (γGR ' 0.55).
PACS numbers: 98.52.Eh, 98.62.Py, 98.70.Vc, 98.80.Es
Introduction. The last two decades have witnessed
an impressive progress in the field of Cosmology: anal-
yses of the temperature and polarization of the Cos-
mic Microwave Background (CMB) radiation, combined
with the study of the spatial distribution of galaxies
and quasars, have provided a largely consistent phys-
ical picture of our Universe. However, the nature of
the gravitationally-dominant component, dark matter,
remains elusive as is that of the source for the accelerated
expansion, dubbed as “dark energy” [1–7].
Indeed, dark matter and dark energy are two critical
items in the list of open problems in Cosmology. Other
important topics include the understanding of the early
inflationary epoch; the testing of gravity on the largest
possible scales; and the role of relativistic, light particles
in the growth of structure in the Universe. For this pur-
pose, ever more ambitious CMB and Large Scale Struc-
ture (LSS) experiments are under way [8–12], attempting
to survey the observable Universe in great detail – up to
its largest scales and earliest epochs – with tight control
on all sources of observational error.
The current interpretation of LSS measurements in
terms of fundamental physics presents several limita-
tions. First, cosmological analyses mostly focus on large
scales, where the information can be more easily ex-
tracted. This is because those scales are close to the
linear regime, where the complicated physics of galaxy
formation and nonlinear evolution can be modelled more
accurately. Unfortunately, these scales are also the most
affected by observational errors (associated to, e.g. Milky
Way star-background light, Galactic extinction, seeing,
and other observational artifacts [e.g., 13–16]). In ad-
dition, current analyses typically need to assume an un-
derlying cosmology, which might add complications when
testing departures from that fiducial cosmology. Finally,
these analyses are performed over broad redshift inter-
vals, which might hide peculiar features of the expansion
and growth history of the Universe.
In this work we focus on a new LSS statistic – an-
gular redshift fluctuations (ARF) – recently introduced
by [17] which features several improvements with respect
to traditional LSS analyses. Using ARF and the SDSS
DR12 spectroscopic LOWZ and CMASS galaxy samples
[18], we provide the first tomographic measurements of
the parameter combination H(z)/H(z = 0) f σ8(z), that
is intimately related to the universal growth of structure,
for more than 20 redshift bins over z ∈ [0.26, 0.72]. We
emphasize that our LSS statistic does not make any as-
sumptions about the cosmological model in the measure-
ments, and remains largely unaffected by the large-scale
systematics present in the data [19], while using mostly
linear scales in the density and velocity fields.
Methodology. Our analysis is based on the SDSS-BOSS
Data Release 12 (DR12) LOWZ and CMASS spectro-
scopic galaxy samples, which represent the most accurate
LSS dataset to date and has been extensively character-
ized [14]. We analyze these galaxy samples in 20 redshift
bins, centred upon zcen, separated by ∆z = 0.02 over
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2FIG. 1. Left panel: Map of Angular Redshift Fluctuations (ARF) for CMASS galaxies under a Gaussian window centred on
z = 0.62 and width σz = 0.01 Right panel: Measured ARF band angular power spectra for CMASS galaxies under a Gaussian
shell centred on z = 0.62, of widths σz = 0.05, 0.025, and 0.01. The best fitting model is displayed as a red solid line.
the range zcen ∈ [0.26, 0.72]. In each of these redshift
intervals we consider galaxies with a Gaussian weight
W = G(zcen, σz), where σz = {0.05, 0.025, 0.01}. Hence,
we obtain 60 different (but overlapping) catalogues.
For each sample we compute angular density fluctua-
tions (ADF) and ARF as: δg(nˆ) =
∑
j∈nˆWj/〈Wi〉 − 1
and δz(nˆ) =
∑
j∈nˆ(zj − z¯)Wj/〈Wi〉, respectively. The
sum
∑
j∈nˆ selects galaxies along the sky direction nˆ, and
the Gaussian factor Wj ≡ W (zj) down-weights galaxies
at zj far from the central redshift zcen. The average red-
shift under a given shell is z¯ =
∑
j zjWj/
∑
jWj , where
the sum runs over all galaxies, regardless of their angu-
lar location. Finally, the angular average of the weighted
number of galaxies under the Gaussian shell over the en-
tire survey footprint is 〈Wi〉 ≡
∑
nˆ
∑
j∈nˆWj/
∑
nˆ 1, with
the double sum over sky pixels/directions nˆ and galaxies
falling within.
We project the SDSS-BOSS sky footprint [20] into a
HEALPix [21] mask using the code mangle [22]. Given
our typical number density of galaxies, we choose a
HEALPix resolution parameter Nside = 64, which corre-
sponds to ∼ 1 deg2 pixels. We decompose δg(nˆ) and δz(nˆ)
into spherical harmonics, δX(nˆ) =
∑
l,m a
X
l,mYl,m(nˆ), and
then estimate the angular power spectrum as CXl =∑
m=−l,l |aXl,m|2/(2l + 1), where X = g, z. The partial
sky coverage of the LOWZ and CMASS galaxy samples
(fsky ' 22%) biases low the measured angular power
spectra, which we account for by convolving the theo-
retical power spectra with the sky mask [23]. In ad-
dition, partial sky coverage induces correlation among
low multipoles `, thus we average 3 consecutive multi-
poles in the measured spectra and consider only those
centred on lbin = 10 and above, i.e. we employ lbin =
10, 13, 16, ..., 121. Finally, we correct the observed spec-
tra by the effect of a finite HEALPix pixel size.
We highlight that we obtain almost identical ARF
power spectra regardless of the use or not of galaxy
weights provided by the BOSS collaboration, which at-
tempt to mitigate the effect of observational systematic
errors in large-scale clustering statistics. This insensitiv-
ity of ARF to systematics is consistent with the argu-
ments provided in [17] and the tests conducted in [19].
We model our measurements with linear perturbation
theory. Specifically, we employ the following model:
CXl = (bgσ8)
2CX,δδl + (Efσ8)
2CX,vvl
+ 2(bgσ8)(E fσ8)C
X,δv
l + C
SN
l , (1)
where the δ and v superscripts denote the auto or cross-
correlation between density and velocity fields; σ8 is the
rms of the linear theory matter density fluctuations at
present; bg is the bias of the observed galaxy clustering
to that of matter; E(z) ≡ H(z)/H(z = 0) = H(z)/H0
where H(z) is the Hubble parameter; f is the growth
rate function f(z) ≡ d logDδ/d log a; Dδ(z) is the linear
growth factor of matter density fluctuations; and a(z) =
1/(1 + z) is the cosmological scale factor. We note that
the combination E f σ8 captures the amplitude of radial,
proper peculiar velocities. Additionally, CSNl describes
the contribution of discreteness noise associated to the
finite number of galaxies under analysis; and the param-
eter σv (given in units of the speed of light c) accounts
for small-scale random motions. It is present in the
kernel S(k, σv) ≡ exp
(−k2/3× [cH−1(z)(1 + z)σv]2/2)
that enters linearly in the k-integral defining CX,δvl , and
squared in the same integral defining CX,vvl [17]. We note
that [17] showed that that this model accurately repro-
duces the outputs of dark matter cosmological numerical
simulations at the few percent level.
3FIG. 2. Constraints on parameter combinations bσ8 and Efσ8 in 20 redshift bins. Left and right panels show results for 300
MD-PATCHY mocks and for LOWZ+CMASS DR12 galaxies, respectively. We show the ratio of the values obtained from our
analysis pipeline over those in the Planck 2018 ΛCDM fiducial model, and adopting a fiducial large-scale bias bfid = 1. Heavy
symbols indicate measurements obtained from Angular Redshift Fluctuations (ARF) with RNL = 60 h
−1 Mpc, whereas light
symbols do so for measurements from standard Angular Density Fluctuations (ADF). Best-fitting values for Efσ8 from ARF
measurements are quoted in the panels.
For each central redshift zcen we have a data vector
given by d = {dw, w = 1, 2, 3} and dw =
[
Cglbin , C
z
lbin
]
w
,
where w runs over our three widths (σz = 0.05, 0.025,
and 0.01). These data are confronted to our theoreti-
cal model consisting of three physical parameters (bgσ8,
Efσ8, σv), and six amplitudes of C
SN
lbin
(three shells for
each ADF, ARF data vector). The shape of Cδδl , C
δv
l ,
and Cvvl are extremely insensitive to the magnitude of
variations of the cosmological parameters explored in the
analysis (see below), thus, we have kept them fixed as
dictated by the Planck best-fitting cosmology.
The impact of non-linear physics on small scales is min-
imized by restricting to measurements at l < pi/θNL(z),
where θNL(zcen) is the angle subtended by a given physi-
cal scale RNL at redshift zcen. We obtain unbiased results
for RNL values typically close to 60 h
−1 Mpc (see Tab. I).
We use a Monte-Carlo Markov Chain (MCMC) algo-
rithm to measure the parameters of our model from our
data vector. We assume a Gaussian likelihood with a co-
variance matrix estimated by measuring ARF and ADF
spectra on a set of simulated galaxy mocks. We use two
mock sets: a set of 100 COLA [24] mocks simulating
the distribution of matter in the universe, and 300 MD-
PATCHY mocks [25]. These latter mocks were built to
mimic the angular and radial selection function of BOSS
LOWZ and CMASS galaxies, and constitute a standard
analysis tool for those data. We also use the chains
provided by the Planck collaboration in the context of
the basic ΛCDM scenario, having typically few thousand
steps. Note that, in principle, ARF measurements can be
combined with ADF, but for reasons outlined below we
will only consider ARF to infer cosmological constraints.
We find that the covariance matrix for the angular
power spectra of ARF and ADF in the MD-PATCHY
mocks differ significantly: while this matrix for ARF is
practically diagonal, for ADF it shows significant off-
diagonal structure (at the 10–50 % level) for multipole
bins above lbin > 40 [26]. The reason for this difference
is likely related to the distinct nature of the two probes:
ARF are sensitive to (relatively small) redshift fluctua-
tions with respect to a local average, but insensitive to
the absolute number of tracers, unlike ADF.
Results. In Fig. 1 we show an example of an ARF map
at zcen = 0.62 and its corresponding band angular power
spectrum for σz = 0.05, 0.025, and 0.01 (blue squares,
right panel). We display the best fitting model (Eq. 1) as
a red solid line. Note that the ARF map shows Gaussian,
symmetric fluctuations (unlike an ADF map) and that
the best-fitting model is an accurate description of the
data, even on the lowest mutipoles, usually more affected
by systematics. This serves as an example of the low
degree to which observational systematics errors affect
our ARF measurements.
We next address the constraints on the two parameter
combinations that our method is sensitive to: bσ8 and
E fσ8, after marginalising over all the other free param-
eters of our model. We first verify that our pipeline re-
turns unbiased estimates of these parameters in the total
matter, gravity-only COLA runs. As expected, for these
mocks, retrieved values of bσ8 are close to σ8, fid = 0.83
(implying b ' 1), while Efσ8 also scatters around its
fiducial expectation. We find that ADF and ARF con-
tain complementary information on these two parame-
ters, which is found to be compatible to each other, but
impacted differently (at ∼ 7–15%) by the lack of galax-
ies in the two highest redshift bins, (see Tab. I). Next
we examine in detail our pipeline outputs for the 300
MD-PATCHY mocks (left panel of Fig. 2), and compare
those to the outputs obtained from BOSS DR12 data
(right panel of the same figure). In both cases we display
4values relative to the expectation of the reference cos-
mology employed in the galaxy mocks (given by Planck’s
2018 CMB measurements) and assuming a unity fiducial
bias, i.e. bfid = 1. Circles and squares indicate measure-
ments obtained from ARF and ADF, respectively. For
each case, red and blue symbols correspond to bσ8 and
Efσ8 amplitude estimates for each redshift bin. Error
bars are given as the range comprising 68% of the distri-
bution of results from the MD-PATCHY mocks.
The left panel shows that our analysis pipeline pro-
vides statistically unbiased constraints from ARF for
both parameters: ARF measurements on Efσ8 scatter
around the unity, returning a value of 1.03 ± 0.07 for
RNL = 60 h
−1 Mpc, that is, recovered values remain
unbiased at the 0.5σ level. All redshift bins are consis-
tent with the underlying cosmology, with the exception
of the very last redshift bin which, due to the lack of
galaxies at the high-z end of the distribution, lies 1σ
above unity. Likewise, we find that the amplitude of
bσ8/σ8, fid remains rather flat and close to values of ∼ 2
up to z ∼ 0.6, after which it increases up to ∼ 2.5. We
have checked this is a consequence of the trend followed
by the large-scale bias of the sample implemented in the
MD-PATCHY mocks, explaining why ADF bσ8/σ8, fid es-
timates also follow the same trend.
We also stress that, unlike ARF, ADF provide signifi-
cantly biased estimates for Efσ8, which is likely due to
its higher sensitivity to non-linearities. The bias on Efσ8
also impacts the ADF constraints on bσ8 (both quantities
are anti-correlated), which lie slightly above those from
ARF. We hence discard the use of ADF in the remainder
of this work.
Finally, we note that our small-scale, random-motion
parameter σv is largely unconstrained for most of our red-
shift shells, owing to the relatively large scales considered
here. Modelling these random motions will however be-
come necessary when probing smaller scales.
This preceding analysis allows us to confidently apply
our methodology to the LOWZ+CMASS DR12 sample
(see right panel of Fig. 2). A first comparison with re-
sults from the MD-PATCHY mocks highlights the obvi-
ous similarity in the trend of bσ8/σ8, fid versus redshift.
The Efσ8 estimates from LOWZ+CMASS DR12 sample
are also consistent with the fiducial expectations, given
the uncertainty in our measurements. The inferred am-
plitude of Efσ8 over its fiducial value lies 10% above
unity, (A = 1.10 ± 0.07), and thus our measurement is
1.4σ above Planck’s expectations. Uncertainties in the
amplitude of Efσ8 grow at lower redshifts, for which data
seems to hint some excess above the fiducial expectation.
This may be due to a random fluctuation, but one could
also speculate about late-time, non-linear physics enter-
ing differently as predicted by the MD-PATCHY mocks.
So far we have discussed results for RNL = 60 h
−1Mpc.
In Tab. I we explore the dependence of our constraints
on RNL for slightly different values of this parameter. As
TABLE I. Ratio of the amplitude of Efσ8 over its fiducial
expectation for both ADF/ARF probes, COLA mocks, MD-
PATCHY mocks, BOSS DR12 data, and three different RNL
choices.
Probe RNL[h
−1Mpc] COLA PATCHY BOSS DR12
50 1.07± 0.03 0.96± 0.06 1.06± 0.06
ARF 60 1.09± 0.04 1.03± 0.07 1.10± 0.07
70 1.12± 0.04 1.05± 0.08 1.16± 0.08
50 1.13± 0.03 0.19± 0.05 0.29± 0.05
ADF 60 1.12± 0.04 0.27± 0.06 0.31± 0.06
70 1.15± 0.04 0.35± 0.08 0.44± 0.08
we include smaller scales, the constraining power of our
method increases – uncertainties decrease from 8 to 6% as
we decrease RNL from 70 to 50 h
−1Mpc. We also observe
there is a slight trend for Efσ8 (bσ8) to decrease (in-
crease) with decreasing RNL, as one would expect when
non-linear power on transverse scales enters the analysis.
In all cases, however, the constraints on our parameter
combinations remain statistically unbiased, confirming
the robustness of our analysis. In contrast, traditional
ADF appear biased on all scales.
Figure 2 and Tab. I thus comprise one of the main re-
sults of this letter: the first tomographic measurement of
the parameter Efσ8, at the ∼ 6−8 % level. This value is
compatible to (although slightly higher than) the fiducial
ΛCDM expectation. The parameter combination Efσ8
is obtained, for first time, from measurements of ARF,
and is a direct effect of the action of gravity on the largest
cosmological scales sampled by this galaxy survey. This
same analysis of ARF provides the most precise tomo-
graphic measurement of the LOWZ+CMASS DR12 halo
bias in the same redshift range.
To put our work into context, in the left panel of Fig. 3
we compare our measurements to others obtained in the
literature from the analysis of redshift-space distortions
in anisotropic galaxy clustering. Explicitly, we consider
a recent analysis of BOSS DR12 [27], WiggleZ [28], 2dF
[29], and 6dF [30] surveys. Since these constrain the
parameter combination fσ8, we have scaled these con-
straints by the value of E(z) predicted by our Planck
fiducial model.
First of all, we can clearly see the tomographic nature
of our approach and that it can deliver constraints on
Efσ8 at a similar level of relative accuracy as those on
fσ8 from traditional clustering approaches. Naturally,
as we consider smaller subsets of the data, at each red-
shift our measurements are significantly noisier than if
combined in wider redshift bins. In general, we see that
previous analyses of LOW+CMASS DR12 and WiggleZ
tend to prefer values smaller than that expected from
Planck, contrary to our findings. We highlight that our
analysis is restricted to large scales, in contrast with, e.g.
5FIG. 3. (Left panel:) Constraints on Efσ8 from ARF in LOWZ+CMASS DR12 (blue circles) in comparison with traditional
fσ8 constraints from recent spectroscopic surveys. The latter have been re-scaled by the value of E predicted by our Planck
fiducial model. Estimates from BOSS 9/3-z bins [27], WiggleZ [28], 2dF [29], and 6dF [30] were obtained using the anisotropic
redshift space clustering. (Right panel:) Constraints on the γ parameter obtained after combining Planck DR3 base ΛCDM
model parameter chains with our measurements of Efσ8(z) at RNL = 60h
−1Mpc. Our constraints are compatible (at ∼ 1.4σ)
with the expectation from General Relativity (γGR ' 0.55), but fall at the opposite side of most LOWZ+CMASS previous
measurements based upon clustering.
the BOSS 9zbins [27], which employs separations ∼2.4
times smaller in which the modelling of non-linearities is
significantly more important.
Finally, in the right panel of Fig. 3, we explore the
implications of our measurements on the gravitational
growth index γ, defined via f ≡ d logDδ/d log a '
Ωγm(z). The combination of our measurements of
Efσ8(z) with Planck DR3 constraints in the minimal
ΛCDM scenario allows us measuring γ with . 20 % un-
certainty (see Fig. 3): γ = 0.44+0.09−0.07, which lies within
2–σ from the expectation in General Relativity (γGR '
0.55)
Discussion and conclusions: This work demonstrates
that ARF are a competitive tool for cosmological anal-
ysis, featuring several advantages over traditional ap-
proaches. We show that strong cosmological constraints
are possible, even when restricting to large scales and
simple modellings; that analysis can be performed with-
out assuming any fiducial cosmology; and with very little
sensitivity to observational systematic errors.
Using ARF measured over 20 redshift bins in the
LOWZ+CMASS DR12 samples, we constrain, for the
first time, the action of gravity through Efσ8 at the 7 %
level, and bσ8 with a . 5 % precision per redshift bin.
By applying our analysis pipeline to two different sets
of mocks, we demonstrated the robustness and accuracy
of our approach. We also found that ARF contains ad-
ditional information to that encoded in ADF, and that
ADF are much more affected by non-linearities (thus we
discarded them in our analysis).
Interestingly, our ARF constraint on γ points towards
a strong effect of gravity (γ < γGR), contrary to previous
γ measurements based on traditional clustering analyses
down to small scales, which hint weak gravity (γ > γGR)
[27, 31–34]. The tomographic character of our ARF study
provides a highly competitive precision to our γ estimate,
only slightly surpassed by the (also tomographic) study
of [27], which probes smaller (and potentially more non-
linear) scales (down to R = 25 h−1Mpc).
In the future, further developments in the modelling
of ARF will enable us to exploit smaller cosmological
scales and include relativistic effects and the effect of
other cosmological parameters such as primordial non-
Gaussianity. Furthermore, it will also be possible to gen-
eralise our formalism to analyse HI 21 cm or Lyman-α
surveys, as well as other ongoing and upcoming galaxy
and quasar surveys.
Acknowledgements. We thank S. Rodr´ıguez-Torres and
Francisco-Shu Kitaura for help with the MD-PATCHY
mocks. We acknowledge useful discussions with G.
Hurier and L. Legrand. The authors acknowledge sup-
port from the Spanish Ministry of Science, Innovation,
and Universities through the projects AYA2015-66211-
C2-2 and PGC2018-097585-B-C21, and also from the
European Union through the Marie Curie grant CIG
PCIG9-GA-2011-294183. R.E.A. and G.A. acknowledge
support from the European Research Council through
grant number ERC-StG/716151. This work has made
used of CEFCA’s Scientific High Performance Comput-
ing system which has been funded by the Governments
of Spain and Arago´n through the Fondo de Inversiones
de Teruel, and the Spanish Ministry of Economy and
6Competitiveness (MINECO-FEDER, grant AYA2012-
30789). Argonne National Laboratory’s work was sup-
ported by the U.S. Department of Energy, Office of
Science, Office of Nuclear Physics, under contract DE-
AC02-06CH11357. Some of the results in this pa-
per have been derived using the HEALPix [35] pack-
age. Part of these results are based on observations ob-
tained with Planck (http://www.esa.int/Planck), an
ESA science mission with instruments and contributions
directly funded by ESA Member States, NASA, and
Canada. Funding for SDSS-III has been provided by
the Alfred P. Sloan Foundation, the Participating Insti-
tutions, the National Science Foundation, and the U.S.
Department of Energy Office of Science. The SDSS-III
web site is www.sdss3.org. SDSS-III is managed by the
Astrophysical Research Consortium for the Participat-
ing Institutions of the SDSS-III Collaboration including
the University of Arizona, the Brazilian Participation
Group, Brookhaven National Laboratory, Carnegie Mel-
lon University, University of Florida, the French Partici-
pation Group, the German Participation Group, Harvard
University, the Instituto de Astrof´ısica de Canarias, the
Michigan State/Notre Dame/JINA Participation Group,
Johns Hopkins University, Lawrence Berkeley National
Laboratory, Max Planck Institute for Astrophysics, Max
Planck Institute for Extraterrestrial Physics, New Mex-
ico State University, New York University, Ohio State
University, Pennsylvania State University, University of
Portsmouth, Princeton University, the Spanish Partici-
pation Group, University of Tokyo, University of Utah,
Vanderbilt University, University of Virginia, University
of Washington, and Yale University.
[1] Planck Collaboration, P. A. R. Ade, N. Aghanim, M. Ar-
naud, M. Ashdown, J. Aumont, C. Baccigalupi, A. J.
Banday, R. B. Barreiro, J. G. Bartlett, and et al., A&A
594, A13 (2016), arXiv:1502.01589.
[2] S. Alam, M. Ata, S. Bailey, F. Beutler, D. Bizyaev, J. A.
Blazek, A. S. Bolton, J. R. Brownstein, A. Burden, C.-
H. Chuang, and et al., Monthly Notices of the Royal
Astronomical Society 470, 26172652 (2017).
[3] F. Beutler, H.-J. Seo, A. J. Ross, P. McDonald, S. Saito,
A. S. Bolton, J. R. Brownstein, C.-H. Chuang, A. J.
Cuesta, D. J. Eisenstein, A. Font-Ribera, J. N. Grieb,
N. Hand, F.-S. Kitaura, C. Modi, R. C. Nichol, W. J.
Percival, F. Prada, S. Rodriguez-Torres, N. A. Roe,
N. P. Ross, S. Salazar-Albornoz, A. G. Sa´nchez, D. P.
Schneider, A. Slosar, J. Tinker, R. Tojeiro, M. Vargas-
Magan˜a, and J. A. Vazquez, MNRAS 464, 3409 (2017),
arXiv:1607.03149 [astro-ph.CO].
[4] F. Beutler, H.-J. Seo, S. Saito, C.-H. Chuang, A. J.
Cuesta, D. J. Eisenstein, H. Gil-Mar´ın, J. N. Grieb,
N. Hand, F.-S. Kitaura, C. Modi, R. C. Nichol, M. D.
Olmstead, W. J. Percival, F. Prada, A. G. Sa´nchez,
S. Rodriguez-Torres, A. J. Ross, N. P. Ross, D. P. Schnei-
der, J. Tinker, R. Tojeiro, and M. Vargas-Magan˜a, MN-
RAS 466, 2242 (2017), arXiv:1607.03150 [astro-ph.CO].
[5] C.-H. Chuang, M. Pellejero-Ibanez, S. Rodrguez-Torres,
A. J. Ross, G.-b. Zhao, Y. Wang, A. J. Cuesta, J. A.
Rubio-Martn, F. Prada, S. Alam, and et al., Monthly
Notices of the Royal Astronomical Society 471, 23702390
(2017).
[6] T. M. C. Abbott, F. B. Abdalla, A. Alarcon, J. Aleksic´,
S. Allam, S. Allen, A. Amara, J. Annis, J. Asorey,
S. Avila, D. Bacon, E. Balbinot, M. Banerji, N. Banik,
W. Barkhouse, M. Baumer, E. Baxter, K. Bechtol, M. R.
Becker, A. Benoit-Le´vy, B. A. Benson, G. M. Bern-
stein, E. Bertin, J. Blazek, S. L. Bridle, D. Brooks,
D. Brout, E. Buckley-Geer, D. L. Burke, M. T. Busha,
A. Campos, D. Capozzi, A. Carnero Rosell, M. Car-
rasco Kind, J. Carretero, F. J. Castander, R. Cawthon,
C. Chang, N. Chen, M. Childress, A. Choi, C. Con-
selice, R. Crittenden, M. Crocce, C. E. Cunha, C. B.
D’Andrea, L. N. da Costa, R. Das, T. M. Davis, C. Davis,
J. De Vicente, D. L. DePoy, J. DeRose, S. Desai, H. T.
Diehl, J. P. Dietrich, S. Dodelson, P. Doel, A. Drlica-
Wagner, T. F. Eifler, A. E. Elliott, F. Elsner, J. Elvin-
Poole, J. Estrada, A. E. Evrard, Y. Fang, E. Fernan-
dez, A. Ferte´, D. A. Finley, B. Flaugher, P. Fosalba,
O. Friedrich, J. Frieman, J. Garc´ıa-Bellido, M. Garcia-
Fernandez, M. Gatti, E. Gaztanaga, D. W. Gerdes,
T. Giannantonio, M. S. S. Gill, K. Glazebrook, D. A.
Goldstein, D. Gruen, R. A. Gruendl, J. Gschwend,
G. Gutierrez, S. Hamilton, W. G. Hartley, S. R. Hin-
ton, K. Honscheid, B. Hoyle, D. Huterer, B. Jain, D. J.
James, M. Jarvis, T. Jeltema, M. D. Johnson, M. W. G.
Johnson, T. Kacprzak, S. Kent, A. G. Kim, A. King,
D. Kirk, N. Kokron, A. Kovacs, E. Krause, C. Kraw-
iec, A. Kremin, K. Kuehn, S. Kuhlmann, N. Kuropatkin,
F. Lacasa, O. Lahav, T. S. Li, A. R. Liddle, C. Lid-
man, M. Lima, H. Lin, N. MacCrann, M. A. G. Maia,
M. Makler, M. Manera, M. March, J. L. Marshall,
P. Martini, R. G. McMahon, P. Melchior, F. Menanteau,
R. Miquel, V. Miranda, D. Mudd, J. Muir, A. Mo¨ller,
E. Neilsen, R. C. Nichol, B. Nord, P. Nugent, R. L. C.
Ogando, A. Palmese, J. Peacock, H. V. Peiris, J. Peoples,
W. J. Percival, D. Petravick, A. A. Plazas, A. Porre-
don, J. Prat, A. Pujol, M. M. Rau, A. Refregier, P. M.
Ricker, N. Roe, R. P. Rollins, A. K. Romer, A. Roodman,
R. Rosenfeld, A. J. Ross, E. Rozo, E. S. Rykoff, M. Sako,
A. I. Salvador, S. Samuroff, C. Sa´nchez, E. Sanchez,
B. Santiago, V. Scarpine, R. Schindler, D. Scolnic,
L. F. Secco, S. Serrano, I. Sevilla-Noarbe, E. Sheldon,
R. C. Smith, M. Smith, J. Smith, M. Soares-Santos,
F. Sobreira, E. Suchyta, G. Tarle, D. Thomas, M. A.
Troxel, D. L. Tucker, B. E. Tucker, S. A. Uddin, T. N.
Varga, P. Vielzeuf, V. Vikram, A. K. Vivas, A. R.
Walker, M. Wang, R. H. Wechsler, J. Weller, W. Wester,
R. C. Wolf, B. Yanny, F. Yuan, A. Zenteno, B. Zhang,
Y. Zhang, J. Zuntz, and Dark Energy Survey Collabora-
tion, Phys. Rev. D 98, 043526 (2018), arXiv:1708.01530
[astro-ph.CO].
[7] M. A. Troxel, N. MacCrann, J. Zuntz, T. F. Ei-
fler, E. Krause, S. Dodelson, D. Gruen, J. Blazek,
O. Friedrich, S. Samuroff, J. Prat, L. F. Secco, C. Davis,
A. Ferte´, J. DeRose, A. Alarcon, A. Amara, E. Baxter,
M. R. Becker, G. M. Bernstein, S. L. Bridle, R. Cawthon,
C. Chang, A. Choi, J. De Vicente, A. Drlica-Wagner,
J. Elvin-Poole, J. Frieman, M. Gatti, W. G. Hartley,
K. Honscheid, B. Hoyle, E. M. Huff, D. Huterer, B. Jain,
7M. Jarvis, T. Kacprzak, D. Kirk, N. Kokron, C. Krawiec,
O. Lahav, A. R. Liddle, J. Peacock, M. M. Rau, A. Re-
fregier, R. P. Rollins, E. Rozo, E. S. Rykoff, C. Sa´nchez,
I. Sevilla-Noarbe, E. Sheldon, A. Stebbins, T. N. Varga,
P. Vielzeuf, M. Wang, R. H. Wechsler, B. Yanny, T. M. C.
Abbott, F. B. Abdalla, S. Allam, J. Annis, K. Bech-
tol, A. Benoit-Le´vy, E. Bertin, D. Brooks, E. Buckley-
Geer, D. L. Burke, A. Carnero Rosell, M. Carrasco Kind,
J. Carretero, F. J. Castander, M. Crocce, C. E. Cunha,
C. B. D’Andrea, L. N. da Costa, D. L. DePoy, S. De-
sai, H. T. Diehl, J. P. Dietrich, P. Doel, E. Fernan-
dez, B. Flaugher, P. Fosalba, J. Garc´ıa-Bellido, E. Gaz-
tanaga, D. W. Gerdes, T. Giannantonio, D. A. Gold-
stein, R. A. Gruendl, J. Gschwend, G. Gutierrez, D. J.
James, T. Jeltema, M. W. G. Johnson, M. D. Johnson,
S. Kent, K. Kuehn, S. Kuhlmann, N. Kuropatkin, T. S.
Li, M. Lima, H. Lin, M. A. G. Maia, M. March, J. L. Mar-
shall, P. Martini, P. Melchior, F. Menanteau, R. Miquel,
J. J. Mohr, E. Neilsen, R. C. Nichol, B. Nord, D. Petrav-
ick, A. A. Plazas, A. K. Romer, A. Roodman, M. Sako,
E. Sanchez, V. Scarpine, R. Schindler, M. Schubnell,
M. Smith, R. C. Smith, M. Soares-Santos, F. Sobreira,
E. Suchyta, M. E. C. Swanson, G. Tarle, D. Thomas,
D. L. Tucker, V. Vikram, A. R. Walker, J. Weller,
Y. Zhang, and DES Collaboration, Phys. Rev. D 98,
043528 (2018), arXiv:1708.01538 [astro-ph.CO].
[8] R. J. Thornton, P. A. R. Ade, S. Aiola, F. E. Angile`,
M. Amiri, J. A. Beall, D. T. Becker, H. M. Cho, S. K.
Choi, P. Corlies, K. P. Coughlin, R. Datta, M. J. Devlin,
S. R. Dicker, R. Du¨nner, J. W. Fowler, A. E. Fox, P. A.
Gallardo, J. Gao, E. Grace, M. Halpern, M. Hasselfield,
S. W. Henderson, G. C. Hilton, A. D. Hincks, S. P. Ho,
J. Hubmayr, K. D. Irwin, J. Klein, B. Koopman, D. Li,
T. Louis, M. Lungu, L. Maurin, J. McMahon, C. D. Mun-
son, S. Naess, F. Nati, L. Newburgh, J. Nibarger, M. D.
Niemack, P. Niraula, M. R. Nolta, L. A. Page, C. G. Pap-
pas, A. Schillaci, B. L. Schmitt, N. Sehgal, J. L. Sievers,
S. M. Simon, S. T. Staggs, C. Tucker, M. Uehara, J. van
Lanen, J. T. Ward, and E. J. Wollack, ApJS 227, 21
(2016), arXiv:1605.06569 [astro-ph.IM].
[9] N. Galitzki, arXiv e-prints , arXiv:1810.02465 (2018),
arXiv:1810.02465 [astro-ph.IM].
[10] R. Scaramella, Y. Mellier, J. Amiaux, C. Burigana,
C. Carvalho, J. Cuillandre, A. da Silva, J. Dinis,
A. Derosa, E. Maiorano, and et al., Proceedings of the
International Astronomical Union 10, 375378 (2014).
[11] M. E. Levi, L. E. Allen, A. Raichoor, C. Baltay, S. Ben-
Zvi, F. Beutler, A. Bolton, F. J. Castander, C.-H.
Chuang, A. Cooper, J.-G. Cuby, A. Dey, D. Eisenstein,
X. Fan, B. Flaugher, C. Frenk, A. X. Gonzalez-Morales,
O. Graur, J. Guy, S. Habib, K. Honscheid, S. Juneau, J.-
P. Kneib, O. Lahav, D. Lang, A. Leauthaud, B. Lusso,
A. de la Macorra, M. Manera, P. Martini, S. Mao, J. A.
Newman, N. Palanque-Delabrouille, W. J. Percival, C. A.
Prieto, C. M. Rockosi, V. Ruhlmann-Kleider, D. Schlegel,
H.-J. Seo, Y.-S. Song, G. Tarle, R. Wechsler, D. Wein-
berg, C. Yeche, and Y. Zu, “The dark energy spec-
troscopic instrument (desi),” (2019), arXiv:1907.10688
[astro-ph.IM].
[12] O. Dor, J. Bock, M. Ashby, P. Capak, A. Cooray,
R. de Putter, T. Eifler, N. Flagey, Y. Gong, S. Habib,
K. Heitmann, C. Hirata, W.-S. Jeong, R. Katti, P. Ko-
rngut, E. Krause, D.-H. Lee, D. Masters, P. Mauskopf,
G. Melnick, B. Mennesson, H. Nguyen, K. berg,
A. Pullen, A. Raccanelli, R. Smith, Y.-S. Song, V. Tolls,
S. Unwin, T. Venumadhav, M. Viero, M. Werner, and
M. Zemcov, “Cosmology with the spherex all-sky spectral
survey,” (2014), arXiv:1412.4872 [astro-ph.CO].
[13] A. J. Ross, S. Ho, A. J. Cuesta, R. Tojeiro, W. J. Perci-
val, D. Wake, K. L. Masters, R. C. Nichol, A. D. Myers,
F. de Simoni, and et al., Monthly Notices of the Royal
Astronomical Society 417, 13501373 (2011).
[14] A. J. Ross, W. J. Percival, A. G. Snchez, L. Samushia,
S. Ho, E. Kazin, M. Manera, B. Reid, M. White, R. To-
jeiro, and et al., Monthly Notices of the Royal Astro-
nomical Society 424, 564590 (2012).
[15] D. L. Shafer and D. Huterer, MNRAS 447, 2961 (2015),
arXiv:1410.0035 [astro-ph.CO].
[16] P. Laurent, S. Eftekharzadeh, J.-M. Le Goff, A. Myers,
E. Burtin, M. White, A. J. Ross, J. Tinker, R. Tojeiro,
J. Bautista, J. Brinkmann, J. Comparat, K. Dawson,
H. du Mas des Bourboux, J.-P. Kneib, I. D. McGreer,
N. Palanque-Delabrouille, W. J. Percival, F. Prada,
G. Rossi, D. P. Schneider, D. Weinberg, C. Ye`che,
P. Zarrouk, and G.-B. Zhao, J. Cosmology Astropart.
Phys. 2017, 017 (2017), arXiv:1705.04718 [astro-ph.CO].
[17] C. Hernandez-Monteagudo, J. Chaves-Montero, and
R. E. Angulo, arXiv e-prints , arXiv:1911.12056 (2019),
arXiv:1911.12056 [astro-ph.CO].
[18] A. J. Cuesta, M. Vargas-Magan˜a, F. Beutler, A. S.
Bolton, J. R. Brownstein, D. J. Eisenstein, H. Gil-Mar´ın,
S. Ho, C. K. McBride, C. Maraston, N. Padmanabhan,
W. J. Percival, B. A. Reid, A. J. Ross, N. P. Ross, A. G.
Sa´nchez, D. J. Schlegel, D. P. Schneider, D. Thomas,
J. Tinker, R. Tojeiro, L. Verde, and M. White, MNRAS
457, 1770 (2016), arXiv:1509.06371 [astro-ph.CO].
[19] J. Chaves-Montero, C. Hernandez-Monteagudo, R. E.
Angulo, and J. D. Emberson, arXiv e-prints
, arXiv:1911.10690 (2019), arXiv:1911.10690 [astro-
ph.CO].
[20] https://data.sdss.org/sas/dr12/boss/lss/.
[21] HEALPix URL site: http://www.eso.org/science/healpix/.
[22] URL site: https://space.mit.edu/ molly/mangle/,
see [? ] for more details.
[23] E. Hivon, K. M. Go´rski, C. B. Netterfield, B. P.
Crill, S. Prunet, and F. Hansen, ApJ 567, 2 (2002),
arXiv:astro-ph/0105302 [astro-ph].
[24] S. Tassev, M. Zaldarriaga, and D. J. Eisenstein, J. Cos-
mology Astropart. Phys. 6, 036 (2013), arXiv:1301.0322
[astro-ph.CO].
[25] F.-S. Kitaura, S. Rodr´ıguez-Torres, C.-H. Chuang,
C. Zhao, F. Prada, H. Gil-Mar´ın, H. Guo, G. Yepes,
A. Klypin, C. G. Sco´ccola, J. Tinker, C. McBride,
B. Reid, A. G. Sa´nchez, S. Salazar-Albornoz, J. N. Grieb,
M. Vargas-Magana, A. J. Cuesta, M. Neyrinck, F. Beut-
ler, J. Comparat, W. J. Percival, and A. Ross, MNRAS
456, 4156 (2016), arXiv:1509.06400 [astro-ph.CO].
[26] ADF in LOWZ+CMASS samples do contain, neverthe-
less, cosmological information, as shown in [? ].
[27] Y. Wang, G.-B. Zhao, C.-H. Chuang, M. Pellejero-
Ibanez, C. Zhao, F.-S. Kitaura, and S. Rodriguez-
Torres, MNRAS 481, 3160 (2018), arXiv:1709.05173
[astro-ph.CO].
[28] C. Blake, S. Brough, M. Colless, C. Contreras, W. Couch,
S. Croom, T. Davis, M. J. Drinkwater, K. Forster,
D. Gilbank, M. Gladders, K. Glazebrook, B. Jelliffe, R. J.
Jurek, I. H. Li, B. Madore, D. C. Martin, K. Pimb-
blet, G. B. Poole, M. Pracy, R. Sharp, E. Wisnioski,
8D. Woods, T. K. Wyder, and H. K. C. Yee, MNRAS
415, 2876 (2011), arXiv:1104.2948 [astro-ph.CO].
[29] W. J. Percival, D. Burkey, A. Heavens, A. Taylor,
S. Cole, J. A. Peacock, C. M. Baugh, J. Bland-Hawthorn,
T. Bridges, R. Cannon, M. Colless, C. Collins, W. Couch,
G. Dalton, R. De Propris, S. P. Driver, G. Efstathiou,
R. S. Ellis, C. S. Frenk, K. Glazebrook, C. Jackson,
O. Lahav, I. Lewis, S. Lumsden, S. Maddox, P. Norberg,
B. A. Peterson, W. Sutherland, and K. Taylor, MNRAS
353, 1201 (2004), arXiv:astro-ph/0406513 [astro-ph].
[30] F. Beutler, C. Blake, M. Colless, D. H. Jones, L. Staveley-
Smith, G. B. Poole, L. Campbell, Q. Parker, W. Saun-
ders, and F. Watson, MNRAS 423, 3430 (2012),
arXiv:1204.4725 [astro-ph.CO].
[31] S. Salazar-Albornoz, A. G. Sa´nchez, J. N. Grieb,
M. Crocce, R. Scoccimarro, S. Alam, F. Beutler,
J. R. Brownstein, C.-H. Chuang, F.-S. Kitaura, M. D.
Olmstead, W. J. Percival, F. Prada, S. Rodr´ıguez-
Torres, L. Samushia, J. Tinker, D. Thomas, R. Tojeiro,
Y. Wang, and G.-b. Zhao, MNRAS 468, 2938 (2017),
arXiv:1607.03144 [astro-ph.CO].
[32] A. G. Sa´nchez, R. Scoccimarro, M. Crocce, J. N. Grieb,
S. Salazar-Albornoz, C. Dalla Vecchia, M. Lippich,
F. Beutler, J. R. Brownstein, C.-H. Chuang, D. J. Eisen-
stein, F.-S. Kitaura, M. D. Olmstead, W. J. Percival,
F. Prada, S. Rodr´ıguez-Torres, A. J. Ross, L. Samushia,
H.-J. Seo, J. Tinker, R. Tojeiro, M. Vargas-Magan˜a,
Y. Wang, and G.-B. Zhao, MNRAS 464, 1640 (2017),
arXiv:1607.03147 [astro-ph.CO].
[33] H. Gil-Mar´ın, W. J. Percival, L. Verde, J. R. Brown-
stein, C.-H. Chuang, F.-S. Kitaura, S. A. Rodr´ıguez-
Torres, and M. D. Olmstead, MNRAS 465, 1757 (2017),
arXiv:1606.00439 [astro-ph.CO].
[34] E.-M. Mueller, W. Percival, E. Linder, S. Alam, G.-B.
Zhao, A. G. Sa´nchez, F. Beutler, and J. Brinkmann, MN-
RAS 475, 2122 (2018), arXiv:1612.00812 [astro-ph.CO].
[35] K. M. Go´rski, E. Hivon, and B. D. Wandelt, ‘Analysis Is-
sues for Large CMB Data Sets’, 1998, eds A. J. Banday,R.
K. Sheth and L. Da Costa, ESO, Printpartners Ipskamp,
NL, pp.37-42 (astro-ph/9812350); Healpix HOMEPAGE:
http://www.eso.org/science/healpix/ (1998).
